ABSTRACT: Competing pathways in catalytic reactions often involve transition states with very different charge distributions, but this difference is rarely exploited to control selectivity. The proximity of a counterion to a charged catalyst in an ion paired complex gives rise to strong electrostatic interactions that could be used to energetically differentiate transition states. Here we investigate the effects of ion pairing on the regioselectivity of the hydroarylation of 3-substituted phenyl propargyl ethers catalyzed by cationic Au(I) complexes, which forms a mixture of 5-and 7-substituted 2H-chromenes. We show that changing the solvent dielectric to enforce ion pairing to a SbF 6 − counterion changes the regioselectivity by up to a factor of 12 depending on the substrate structure. Density functional theory (DFT) is used to calculate the energy difference between the putative product-determining isomeric transition states (ΔΔE ‡ ) in both the presence and absence of the counterion. The change in ΔΔE ‡ upon switching from the unpaired transition states in high solvent dielectric to ion paired transition states in low solvent dielectric (Δ(ΔΔE ‡ )) was found to be in good agreement with the experimentally observed selectivity changes across several substrates. Our calculations indicate that the origin of Δ(ΔΔE ‡ ) lies in the preferential electrostatic stabilization of the transition state with greater charge separation by the counterion in the ion paired case. By performing calculations at multiple different values of the solvent dielectric, we show that the role of the solvent in changing selectivity is not solely to enforce ion pairing, but rather that interactions between the ion paired complex and the solvent also contribute to Δ(ΔΔE ‡ ). Our results provide a foundation for exploiting electrostatic control of selectivity in other ion paired systems.
■ INTRODUCTION
Homogeneous catalysis often proceeds through catalytic cycles with one or more charged intermediates. Numerous strategies to control selectivity in catalysis rely on ion pairing to charged intermediates. Most commonly, counterions are used to induce phase transfer or to provide a steric environment that biases the reactivity of an intermediate involved in a product-determining step. 1−4 For example, in asymmetric ion pairing catalysis, the proximity of a chiral counterion to a charged reactive intermediate provides a chiral environment that affords asymmetric induction. In some cases, counterions have also been shown to bind to reactive centers or directly participate in a chemical step. 5−7 Aside from enforcing proximity, ion pairing gives rise to electrostatic interactions that affect the energies of charged species and could thereby impact selectivity. Specifically, the strength of the electrostatic interaction between a counterion and a charged transition state depends on the distribution of charge in the transition state. If competing transition states have different charge distributions, electrostatic interactions induced by ion pairing could change the relative barrier heights.
We previously investigated the ability of ion pairing to effect electrostatic control of selectivity for a sulfoxide rearrangement reaction catalyzed by cationic Au(I) complexes. 8 We found that ion pairing changes the regioselectivity of the rearrangement by a magnitude that depends on the dielectric constant (ε) and the substrate structure. Density functional theory (DFT) was used to calculate dipole moments (μ) of competing transition states for the putative selectivity-determining step. A correlation was observed between the magnitude of the selectivity change and the difference in the magnitude of the transition state dipole moments (Δ|μ|) for a set of substrates. The results supported an electrostatic model in which ion pairing changes selectivity by preferentially stabilizing transitions states with greater charge separation.
Using ion-pairing-induced electrostatic effects in other reactions would benefit from a better understanding of the electrostatic interactions that impact selectivity. In this study, we provide a second example of regiocontrol afforded by ion pairing and a more comprehensive computational study of the effects of ion pairing on the energy barriers that determine selectivity. The reaction studied here is a Au(I)-catalyzed hydroarylation of 3-substituted phenyl propargyl ethers, which forms a mixture of 5-and 7-substituted 2H-chromenes and is mechanistically distinct from the previously studied Au(I)-catalyzed sulfoxide rearrangement reaction (Table 1) . 9−13 Mechanistic studies suggest that the reaction proceeds through initial π-activation of the alkyne by Au(I) followed by electrophilic hydroarylation. 14, 15 We show that ion pairing to a small noncoordinating counterion such as SbF 6 − changes the regioselectivity to favor the 7-substituted isomer to an extent that depends on the nature of the substituent. We then use DFT to calculate the relative energies (ΔΔE ‡ ) of the putative product-determining transition states in the presence and absence of an SbF 6 − counterion. The calculated change in the relative energies induced by ion pairing, Δ(ΔΔE ‡ ), is found to be consistent with the experimentally observed selectivity changes across multiple substrates. The calculation of Δ-(ΔΔE ‡ ) provides much more direct support of the electrostatic effect on selectivity than what was previously possible when comparing selectivity changes to Δ|μ|. Furthermore, our calculations enable us to assess the dependence of Δ(ΔΔE ‡ ) on the position of the counterion and the contribution of ion pair−solvent interactions to the electrostatic effect.
■ RESULTS AND DISCUSSION
The Au(I)-catalyzed hydroarylation reaction was initially examined using Cl-substituted 2a in CH 2 Cl 2 (ε = 8.9) and toluene (ε = 2.4). We and others have previously shown by diffusion NMR studies that cationic Au(I) complexes form tight ion pairs with their counterions in solvents with ε ≤ 5, but exhibit little or no ion pairing in solvents with ε ≥ 9. 8, 16 To assess the effect of the ligand on reaction selectivity, we surveyed a series of cationic Au(I) catalysts bearing ligands with different electronic and steric properties. The counterion used was SbF 6 − , which previously showed the strongest electrostatic effects for Au(I)-catalyzed sulfoxide rearrangements. 8 Reactions were performed for 3 h at ambient temperature using a catalyst loading of 2 mol %, and the yields and product distributions were measured by NMR with an internal standard ( Table 1) . In all cases, the 2H-chromenes 3a and 4a were the major products, though the yields varied substantially depending on the catalyst (11%−67%). Regioisomeric benzofurans 5a and 6a were formed as minor products (comprising less than 25% of products (Table S1) ) and the mass balance was composed of unreacted starting material. In CH 2 Cl 2 , the ratio of 4a:3a showed relatively little dependence on the electronic or steric properties of the Au(I) catalyst used, ranging from 0.8:1 to 1.4:1. When the reaction solvent was changed to toluene, however, regioisomer 4a became the dominant product for all catalysts. The magnitude of the selectivity change obtained using CH 2 Cl 2 versus toluene as solvent was the largest when using [BisPhePhosXDAu]SbF 6 ([1]SbF 6 ). 17 With [1]SbF 6 , the product ratio 4a:3a increased from 0.8:1 in CH 2 Cl 2 to 5.0:1 in toluene with similar yields, corresponding to a 6.3-fold change in selectivity. Control experiments showed no product interconversion upon 24 h incubation of either 2H-chromene 3a and 4a or minor products 5a and 6a under reaction conditions with 2 mol % of [1]SbF 6 .
To further explore the role of the solvent, the hydroarylation of 2a catalyzed by [1] SbF 6 was performed in a series of noncoordinating solvents and solvent mixtures with ε ranging from 2.4 to 10.4 ( Figure 1 , Table S3 ). While the product ratio of 4a:3a remained unchanged at 0.8:1 when ε ≥ 9, selectivity for 4a increased monotonically as ε was decreased below 9. The influence of solvent on regioselectivity in this reaction reflects only the ε, and not the molecular structure of the solvent, and is thus inconsistent with a solvent-dependent change in reaction mechanism. The ε-dependent selectivity of the reaction of 2a suggests that electrostatic interactions, facilitated by tight ion pairing in low-ε solvents, alter the relative activation barriers of regioisomeric cationic Au(I)-bound transition states. 4 , the product ratio of 4a:3a remained at 0.7:1 in all solvents tested, with ε ranging from 2.4 to 11.4. Similar results were observed when [IPrAu(NCPh)]B(Ar F ) 4 was used as the catalyst (Table S1 ). We have previously demonstrated that B(Ar F ) 4 − forms tight ion pairs with cationic Au(I) complexes in CDCl 3 at catalytically relevant concentrations. 8 However, because of its large radius and charge-diffuse nature, B(Ar F ) 4 − does not effectively discriminate between cationic transition states that have different charge distributions. Taken together, the change in selectivity with decreasing ε when using a small counterion such as SbF 6 − , and the absence of a response to ε when using the large counterion B(Ar F ) 4 − , indicate that the regioselectivity depends on the strength of the Coulombic interaction between the reactive cationic Au(I) species and its counterion.
Effect of Substrate on ε-Dependent Selectivity. We next examined the effects of changing the steric and electronic properties of the hydroarylation substrate. A series of 3-substituted phenyl propargyl ether substrates was reacted with Table S4 ). The regioselectivity of reactions with substrates bearing a halogen, triflate, or CF 3 substituent showed substantial dependence on ε. As seen with 2a, the reactions of Br-, I-, and triflate-substituted substrates (2b−d) all showed >6-fold changes in regioselectivity when ε was changed from 8.9 to 2.4. Though the magnitude of the ε-dependent change in selectivity was similar across the substrates 2a−d, the absolute selectivity for product 4 obtained in toluene increased in the order I < Br < Cl < OTf, such that the hydroarylation of 2d in this solvent gave a product ratio for 4d:3d of 13:1. In CH 2 Cl 2 where ion pairing is weak, the absolute selectivity for product 3 increases in the order OTf < Cl < Br ≈ I. This enhanced selectivity for product 3 corresponds to the increasing C−R bond length in substrates 2a−d and is explained by the increased steric accessibility of 3.
In order to investigate the selectivity of substrates with strongly electron-withdrawing F and CF 3 substituents, methyl groups were installed at the propargylic position to facilitate the reaction. Fluorine-bearing substrate 2e showed a 3-fold change in regioselectivity from ε = 8.9 to ε = 2.4. Trifluoromethylsubstituted substrate 2f showed the largest ε-dependent change in regioselectivity, with the product ratio 4f:3f increasing from 0.5:1 in CH 2 Cl 2 to 6.0:1 in toluene, corresponding to a 12-fold change. The ε-dependence of the selectivity is not perturbed by the presence of propargylic methyl groups. The product ratio of dimethylpropargyl-functionalized Cl-bearing substrate 2g increased 6.3-fold, from 0.6:1 in CH 2 Cl 2 to 3.8:1 in toluene, matching the selectivity change of parent substrate 2a.
In contrast to substrates 2a−g, the regioselectivity of the reaction of methyl-substituted 2h catalyzed by [1] SbF 6 showed very little dependence on ε. The product ratio 4h:3h increased only slightly from 1:1 to 1:1.4 when ε was decreased from 8.9 to 2.4. Similarly, the selectivity with 5-propargyloxy dihydroindene 2i showed very weak dependence on ε, although this substrate intrinsically favors the more sterically accessible product 4i. Weak ε-dependence was also observed with substrates that have a mesylate substituent (2j), OMe (2k), and OAc (2l). The absence of significant ε-dependent selectivity for substrates 2h−l demonstrates that the ion pairing effect seen with 2a−g does not correlate with the steric demand of the aryl substituent. Instead, insensitivity to ε for 2h−l suggests that the competing regioisomeric transition states cannot be discriminated through electrostatic effects for these substrates.
Electrostatic Regiodivergent Synthesis of 2H-Chromenes. As illustrated in Table 1 , the regioselectivity of Au(I)-catalyzed hydroarylation is difficult to control through manipulation of catalyst structure. Previously reported examples of regioselective 2H-chromene synthesis via Au(I)- catalyzed hydroarylation require coordinating directing groups and are limited to bulky internal alkynes, giving rise to 4-substituted 2H-chromenes. 13 Electrostatic interactions can be exploited in conjunction with steric effects to achieve the regioselective hydroarylation of 3-halophenyl propargyl ether substrates in the absence of directing groups or alkyne substitution. Steric selectivity can be modulated by varying the identity of the halo-substituent while electrostatic selectivity is controlled by solvent ε. Selection of reaction substrate and solvent provides regioselective access to 2H-chromenes bearing (pseudo)halide functionality at either the 5-or 7-position (Scheme 1).
To access 5-substituted 2H-chromenes, hydroarylation of 3-iodophenyl propargyl ether 2m was catalyzed by [1]SbF 6 in CH 2 Cl 2 with high efficiency to give a combined isolated yield of regioisomers 3m and 4m of 90% in a 5:2 ratio. The product distribution is consistent with that observed for similar substrate 2c using the same solvent and catalyst. The inseparable mixture of 3m and 4m was functionalized with 2-benzofuranboronic acid MIDA ester using Pd-catalyzed Suzuki−Miyaura coupling under literature conditions 18 to give the regioisomeric (benzofuran-2-yl)-2,2-dimethyl-2H-chromenes 7 and 8 in a 5:2 ratio, in 98% total yield. Recrystallization of the product mixture yielded pure isomer 7 in 48% isolated yield, and its structure was confirmed by X-ray crystallography ( Figure S1 ). The regioisomer 8 was accessed by cyclization of 3-trifluoromethanesulfonylphenyl propargyl ether 2n using catalyst [1]SbF 6 in toluene to enforce strong ion pairing. The 7-substituted product 4n was obtained as the major isomer in a 14:1 ratio, and in 85% combined yield. Crosscoupling of the cyclization products proceeded quantitatively to access 8 in ∼93% isomeric purity.
■ MECHANISTIC INSIGHTS FROM SIMULATION
The ε-dependent regioselectivity seen above for ionic Au(I)-catalyzed hydroarylation suggests that the relative energies of competing transition states can be perturbed by the reaction medium and proximity of a counterion. These results present a potentially new avenue for enhancing catalytic selectivity, provided that the underlying physical effects that give rise to it are understood. To elucidate the origin of the selectivity changes, we performed electronic structure calculations, which can be used to calculate the product ratios measured in experiments and to unravel the physical effect that gives rise to the observed enhancement in selectivity.
Theoretical Approach. If the selectivity-determining step of a particular reaction is irreversible, then the product ratio depends on the relative rates of the two competing reactions in that selectivity-determining step. Previous experimental and computational studies suggest that the hydroarylation proceeds through an electrophilic aromatic substitution pathway that involves π-coordination of the alkyne to the Au(I) complex and subsequent 6-endo-dig cyclization. 14, 15 This step is likely to be irreversible because the carbocation intermediate that it forms undergoes rapid, thermodynamically favorable proton transfer. 19 If the 2H-chromene products 3 and 4 originate from a common intermediate, then the product distribution, P, of the reaction in a particular solvent can be approximated using transition state theory as
where k B is Boltzmann's constant, T is the temperature, and ΔG(3 ‡ ) and ΔG(4 ‡ ) are the free energies required to reach the transition states. Here 3 ‡ and 4 ‡ are the cyclization transition states corresponding to 2H-chromene products 3 and 4 (see Table 1 ). If the entropic contributions to the barrier heights are similar for the two competing transition states (which is likely if both transition states originate from a common intermediate), then these contributions will largely cancel and the product ratio will be dominated by the difference in activation energies, ΔΔE ‡ :
For the Au(I)-catalyzed hydroarylation studied here, since 3 ‡ and 4 ‡ originate from a common starting point, the difference in their activation energies ΔΔE ‡ for this reaction is independent of the energy of their common intermediate 2 and is given by
where E(2) is the energy of the common starting point and E(3 ‡
) and E(4 ‡ ) are the energies of the transition states. Therefore, if the relative energies of the two competing regioisomeric transition states are known, then the product ratios measured above can be approximated using eqs 2 and 3. Another quantity of particular relevance to experiment is the change in product ratio when comparing toluene to CH 2 Cl 2 as reaction media, given by
In eq 4, Δ(ΔΔE ‡ ) is the change in the dif ference between the barrier heights of the two competing transition states in toluene versus CH 2 Cl 2 . Therefore, in eq 4, the simulation needs only to capture how the difference in the barrier heights responds to changes in the solvent, which is likely to be given more accurately than absolute activation energies, as systematic errors in individual barrier heights will cancel when taking the difference.
We first performed DFT calculations to obtain the energies and geometries of 3 ‡ and 4 ‡ for various substrates in implicit solvents matching the dielectric constants of toluene and CH 2 Cl 2 (see the Supporting Information). On the basis of diffusion NMR studies, 16 ,20 the spectator anion is expected to
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Article be tightly paired to the cationic Au(I)-bound reaction intermediates and transition states in the low-ε solvent toluene, whereas ion pairing is minimal in the higher-ε solvent CH 2 Cl 2 . 8 Hence, for toluene we calculated the energies assuming an ion paired transition state while for CH 2 Cl 2 we calculated the energies assuming an unpaired transition state. When these energy differences are converted to product ratios and compared to the experimentally observed solvent-dependent regioselectivities for several substrates (2a,d,h,j−k), very good qualitative (and in many cases semiquantitative) agreement is observed (Table 2 ). In particular, the differences between the calculated Δ(ΔΔE ‡ ) and the Δ(ΔΔE ‡ ) that corresponds to the experimentally observed P toluene /P CH 2 Cl 2 range from 0.1 to 1 kcal/mol, which are within the error expected for DFT and on the order of the thermal energy k B T at 300 K. For example, as shown in Table S8 , changing the density functional used can change Δ(ΔΔE ‡ ) by between 0.1 and 0.8 kcal/mol, but qualitative agreement is seen in all cases.
To understand the origins of the selectivity changes, it is particularly instructive to consider the two substituents of contrasting polarity 2a (R = Cl) and 2h (R = Me). For both of these substrates, when hydroarylation is catalyzed by [ ]SbF 6 by 2.3 kcal/mol. This corresponds to a calculated 45-fold increase in selectivity for 4a when the transition state is ion paired. This is in qualitative agreement with the regioselectivity observed for the reaction of 2a in toluene, where strong ion pairing is expected, which favors 4a over 3a by a factor of 5. The calculated ion paired transition states are optimized structures; i.e., the counterion occupies the position that affords maximum stabilization of the cationic transition state and consequently maximum electrostatic differentiation of the competing pathways. The fact that the observed selectivity change is smaller than what is calculated may arise from incomplete ion pairing or nonideal counterion positioning. In contrast to the Cl- Table S4 ). It is important to note that the lack of selectivity change seen from this substrate arises from a cancellation of energies, where the energy of both unpaired complexes is lowered upon ion pairing, but by the same amount, a result that is not obvious and arises from the calculations. Because the energy is lowered by the same amount for both, no change in ΔΔE ‡ is observed, in agreement with experiment.
The presence of a polar substituent does not guarantee ε-dependent selectivity, as evidenced by the fact that substrates with OMe, OAc, and OMs substituents (2j, 2k, 2l) behave similarly to 2h. Interestingly, replacing OMs with OTf (2d) restores a strong ε-dependence. Simulations for substrates with conformationally flexible substituents are complicated by the presence of multiple transition state conformers with similar energies. Nonetheless, the calculations qualitatively recapitulate the strong ε-dependence for 2d and the weak dependence for 2j and 2k ( Table 2) .
Origins of the ε-Dependent Selectivity. To understand why different substrates respond differently to changing ε, we first mapped the electrostatic potential on a surface of constant electron density for the two regioisomeric transition states for substrates 2a and 2h (Figure 3) . From inspection of the . This explanation is consistent with the previous observation that ion pairing induces a selectivity change for a sulfoxide rearrangement if the two selectivity-determining transition states have very different charge distributions, which was roughly estimated by calculating the dipole moments. 8 The electrostatic potential surfaces are similar for the transition states corresponding to 2j, as expected given that the calculated Δ(ΔΔE ‡ ) ≈ 0 for this substrate ( Figure S2 ). In contrast, large differences are evident in the electrostatic potential surfaces for the transition states corresponding to 2d, for which Δ(ΔΔE ‡ ) is substantial. Interestingly, the surfaces for transition states corresponding to 2k also show substantial differences, despite the fact that Δ(ΔΔE ‡ ) is small for this substrate. These results underscore the limitations of analyzing charge densities alone when calculating the selectivity change.
While ε clearly determines the propensity for ion pairing, it could also affect the strength of electrostatic stabilization within the ion pair. In other words, the interaction between the ion paired complex and the polarizable dielectric medium of the solvent may be a contributor to the ε-dependence of the selectivity. In order to assess the role of these interactions, we calculated ΔΔE ‡ for cationic and ion paired transition states in toluene (low ε), CHCl 3 (intermediate ε), and CH 2 Cl 2 (large ε) for 2a and 2h (Table 3) . For the ion paired transition states of 2a, ΔΔE ‡ exhibits strong ε-dependence, indicating that interactions with the solvent play a key role in driving ε-dependent selectivity for this substrate. In particular, while the ion paired transition state [4a ‡ ]SbF 6 is more stable than [3a ‡ ]SbF 6 by 2.30 kcal/mol in low-ε solvent (toluene), both ion paired transition states have similar energies in high-ε solvent (CH 2 Cl 2 ). This effect arises because the high-ε solvent attenuates the electrostatic interactions between the transition states and the counterions that give rise to ΔΔE ‡ ion pair . This result also indicates that even if ion pairing could be enforced in high-ε solvents it would be expected to have little or no effect on selectivity.
Unlike 4 behave like unpaired transition states. For 2h, ΔΔE ‡ for both the paired and unpaired transition states is effectively independent of ε, indicating that the charge distributions of these two transition states are similar enough that the polarizable dielectric stabilizes both by the same amount. Overall, the results in Table 3 suggest that the role of the solvent in changing selectivity is not solely to enforce ion pairing, but also that reducing ε strengthens the electrostatic interactions in the ion pair that energetically differentiate transition states with large differences in charge distribution.
Effect of Ion Position on Catalytic Selectivity. DFT optimizations of the regioisomeric transition states [3a ‡ ]SbF 6 and [4a ‡ ]SbF 6 find the lowest energy ion pair geometry when the anion is positioned adjacent to the surface of greatest positive charge density on the cation. However, even if there is only one dominant minimum energy ion position, there may be other similar structures that are close in energy and hence relevant to catalytic selectivity. In order to assess the importance of such structures, we performed a relaxed scan along the Au−Sb interatomic distance, in which we held the positions of the transition state atoms fixed while allowing the anion position to relax as it is moved away from the transition state. We then calculated the effect of these displacements on the relative barrier heights for the two competing reactions (Figure 4 + results in a shorter ion−ion separation in the ion pair, which is responsible for much of the ΔΔE ‡ . Furthermore, because the two curves in Figure 4 have similar shapes, these calculations also show that ion-pairing-induced selectivity is relatively insensitive to small perturbations in the ion−ion distances. For example, when both structures are at their minima, ΔΔE ‡ = −2.2 kcal/mol. When both structures are displaced from their minima by 1 Å (at an energetic cost of ∼2 kcal/mol for both), ΔΔE ‡ remains essentially constant at −2.5 kcal/mol.
■ CONCLUSIONS
In summary, we have demonstrated that ion pairing of a cationic Au(I) catalyst to a small spectator counterion can change the regioselectivity of intramolecular hydroarylation by a factor of up to 12 depending on the substrate structure. By modulating the strength of electrostatic interactions, 5-and 7-substituted 2H-chromenes can be accessed regioselectively without the need for significant substrate bulk or directing groups. Calculations of transition state energies in paired and unpaired forms indicate that this effect arises from electrostatic interactions between the transition state charge distributions and the counterion. Transition states that have a greater degree of charge separation are better stabilized by the proximal counterion. The energy difference of ion paired transition states diminishes rapidly as ε is increased even if ion pairing is preserved because of interactions between the ion pair and the dielectric medium. In contrast, the energies of unpaired transition states show very little ε-dependence, which explains why reaction selectivity is not dependent on solvent ε when ]SbF 6 . Differences in relative activation barriers (ΔΔE ‡ ) are given for the lowest energy geometry and at +1 Å displacement. Barrier heights were found by a scan in which the positions of the transition state atoms were fixed and the ion orientation was allowed to relax at a fixed Au−Sb distance.
